The commonness of dispersal-promoting seed appendages in plants (e.g. "fleshy" fruits, hooks, wings, etc.) can be interpreted as evolutionary solutions to a physical problem imposed by gravity and a sedentary lifeform. It is important to understand how morphological features of diaspores relate to dispersal effectiveness. Dispersal capacity may not reflect an optimum but rather a compromise between selection for dispersal function and selection for other functions that the fruit must perform. One proposed trade-off involves seed mass (maternal provisioning of seeds): it has been assumed that there is an inverse relationship between seed mass and dispersal capacity (Harper et al. 1970 , Foster 1986 , Howe and Westley 1986) . If seed mass is proportional to germinant survivorship ( Grime and Jeffrey 1965) , then the proposed trade-off may be an important factor permitting plant species coexistence. But as with all life history trait compromises, there must be some underlying biomechanical constraint. In particular, one may wonder why a relatively massive seed may not have a relatively large dispersal-promoting appendage and thus suffer no diminuation in dispersal capacity. In their discussion of the "cost" of the dispersal-related appendages, Cohen and Motro (1989) imagine that dispersal capacity increases as a function of appendage size. That is, they assume there is no important biomechanical limitation on the effectiveness of the appendage as a function of size.
Wind dispersal of diaspores offers an ideal system for the study of the relationship of seed mass and dispersal because of its relative simplicity and the large body of experimental work on particulate diffusion by micrometeorologists (Augspurger 1986 where m is samara mass, g is the gravitational acceleration, e is air density, and Aw is plan-form area of the entire samara (Norberg 1973 , Green 1980 , Guries and Nordheim 1984 , Augspurger 1986 , Matlack 1987 ). The quantity mg/Aw is termed the wing loading.
The objective of this paper is to examine the relationship between size and dispersal capacity for a single type of dispersant: the asymmetric samara (Fig. 1) Augspurger (1986) for a discussion of samara designs with different autorotative characteristics. As depicted in Fig. 1 the rounded, more massive portion of the samara which houses the embryo will be referred to as the "seed" regardless of the tissue origin. The remainder of the samara consists of flattened, less massive material which will be termed the wing. The entire structure (wing plus seed) will be termed the samara. Following Augspurger (1986) Aw refers to the planform (i.e., single side) area of the entire samara and not the wing alone. Our hypothesis is that wing loading of samaras increases with absolute size; that is, mass increases more
Methods
The descent of specimens of nine species was examined using high-speed photography (200 frames/s) in still air (Table 1 ). The photography was done with a Super-8 camera and three tungsten lamps. Each specimen was dropped from one to three m above the field of view (0.7 m long) to insure it had achieved an equilibrium descent velocity by the time it entered the view field. The descent velocities of an additional 10 species (Table  1) housing the embryo. (Note that the "seed" as defined sured using a stopwatch and a fall distance here may include tissue derived from the fruit). The ch specimen had already fallen a minimum samara was sectioned perpendicular to the span along fore the onset of timing. this chord. Mass and area of seed and wing were then om 19 species (Table 2) were sectioned into measured. All mass measurements were made on an ie wing and the seed. The chord used to electronic balance. Area measurements were always of two parts was chosen as follows. A samara planform area (that is, one-sided projected area) and flattened, low mass appendage (the wing) were made by drawing silhouettes on graph paper. more rounded (usually somewhat ellipsoiDirect measurement of wing average thickness via ,and more massive organ (the "seed") volume determination in a liquid was precluded by sectioning because the exposed vascular bundles would absorb the liquid. Instead, as a rough check that thickness was increasing with chord length and span length, thickness of the leading edge of the wing was measured for the species in Table 2 with a manostat at a point midway along the span axis. To test the isometry hypothesis the values of mass, area, and descent velocity were transformed to log,, values. The logarithms were then used in linear regressions. A correction factor (Sprugel 1983) was applied.
Planform areas of specimens were measured by tracl L~ " king silhouettes on graph paper. Aspect ratios were calculated for the 18 Pinaceae and Acer species (Tables 1  and 2 Table 2 for species).
Results
Aspect ratio was calculated for 85 species (57 of these species represented by single line drawings or photographs; 28 species represented by sample means). Observed aspect ratios (Fig. 2) the samaras (span length around 0.7 to 1.2 cm) and were confined almost entirely to three Pinaceae genera: Tsuga, Abies, and Larix. For the 85 species in Fig. 2 , AW?5 and r (the total span length) are highly correlated (r2 = 0.96; p < 0.01). For 28 species (10 of them the tropical species from herbarium collections) the wing accounted for only a small fraction of the total samara mass (mean = 15.1%; o = 6.13%; range = 7 to 26%). Norberg (1973) reported that the wing comprised only 15% of the total mass for specimens of Acer pseudo-platanus and Picea abies. Consequently, the spanwise mass centre necessarily lies approximately at the junction of the seed and the wing, and these specimens will autorotate about that mass centre. The mass centre lies about 22% of the distance from the seed tip to the wing tip. Norberg (1973) reported spanwise mass centre values of 21% of the span for two species. Fig. 3 is a plot of mean wing chord length versus the mean thickness of the leading edge measured midway along the wing span. Wing thickness was proportional to mean chord length (r2= 0.845; p <0.01; n= 19). It follows that the observed relationship between wing area and wing mass was due to isometry of length dimensions rather than some systematic change in wing density with size. The ratio of thickness to chord ranged from 0.053 to 0.128 with a mean ratio of 0.076.
In summary, mean thickness of the leading edge is proportional to mean chord length, span length is proportional to the square root of planform area, and aspect ratios are generally in the range 3 to 6. Thus, shape is conserved. Additionally, spanwise mass distributions are similar for these species.
The isometry hypothesis
As shown in Fig. 4 , there was a strong positive correlation between mass and descent velocity among three taxa -Pinaceae, Aceraceae, and Leguminosae. The values for Pinaceae are from Table 1 ; the Aceraceae are from Guries and Nordheim (1984) ; and the Leguminosae comprise four species from Augspurger (1986) and the first five species listed in Table 1 . Results of the linear regression analyses (using log,, transformed values) for the three families are shown in Table 3 . Included is a regression with all families pooled (as well as three other species from Augspurger (1986)). None of the calculated exponents (ranging from 0.17 to 0.23) were significantly different from the predicted exponent of 1/6 generated by the isometry hypothesis.
Subsequent analyses (Table 2 ) supported the isometric argument. Given the relationship of area to volume, it was expected that A, oc mh/3 and A xc m3' (with the subscripts b and s denoting the wing and seed, respectively). As shown in Fig. 5 and (Harper 1977) .) Note that this conclusion refers to the initial dispersal event (aerial dispersal) and not to subsequent movement (for example, saltation or sliding along a snow surface). However, the magnitude of this secondary movement should also tend to be inversely proportional to samara mass (see for example Kohlermann 1950 (Greene and Johnson 1986 ). Also, we should point out that within the single species Pinus contorta var. latifolia only 15 of 25 populations showed the expected isometric exponent (see Greene 1990 ). Nonetheless, within each type, biomechanical constraints may still operate. An example of the dependence of terminal velocity on mass was reported by Cremer (1977) for the seeds of various Eucalyptus species. For these seeds (lacking wings or plumes), Cremer calculated 0.26 for the exponent in eq. (2). Likewise, terminal velocity is proportional to total mass among Augspurger's (1986) bilaterally symmetric samaras.
These results are of some interest in theories of plant species coexistence. There is a class of arguments (reviewed in Levin (1976)) which dichotomize local plant species into well-dispersed poor competitors and poorly dispersed good competitors. The algebraic argument (e.g. Shmida and Ellner 1984 ) that differential dispersal capacity could permit coexistence has begged the question of why good competitors must be relatively poorly dispersed. In these samaras, the inverse correlation of seed size (which may be proportional to early postgermination survivorship) and dispersal capacity may be the result of a biomechanical constraint which maximizes flight stability by conserving shape. was provided by NSERC operating grants to E. A. Johnson and D. F. Greene.
